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Thiol-based redox regulation via ferredoxin-thioredoxin
(Trx) reductase/Trx controls various functions in chloroplasts
in response to light/dark changes. Trx is a key factor of this
regulatory system, and five Trx subtypes, including 10 isoforms,
have been identified as chloroplast-localized forms in Arabi-
dopsis thaliana. These subtypes display distinct target selectiv-
ity, and, consequently, they form a complicated redox regula-
tion network in chloroplasts. In this study, we developed a
FRET-based sensor protein by combining CFP, YFP, and the
N-terminal region of CP12, a redox-sensitive regulatory and
Trx-targeted protein in chloroplasts. This sensor protein
enabled us to monitor the redox change of chloroplast thiore-
doxin in vivo, and we therefore designated this protein “change
in redox state of Trx” (CROST). Using CP12 isoforms, we suc-
cessfully prepared two types of CROST sensors that displayed
different affinities for two major chloroplast Trx isoforms
(f-type and m-type). These sensor proteins helped unravel the
real-time redox dynamics of Trx molecules in chloroplasts dur-
ing the light/dark transition.

To survive under fluctuating environmental conditions,
green plants have evolved various systems for regulating
metabolism. The light condition is an important environmental
factor for plant cell metabolism. Indeed, important biological
functions, such as carbon dioxide fixation in plants, are ade-
quately regulated under varying light conditions. For this pur-
pose, the thiol-based redox regulation system in chloroplasts is
a key regulation system for controlling chloroplast metabolism
under fluctuating light conditions. In this regulation system,
reducing power produced by water splitting in the light-driven
electron transport chain is transferred to thioredoxin (Trx)2 via
ferredoxin and ferredoxin-Trx reductase. Trx is a ubiquitous
protein possessing a characteristic WCGPC motif as an active

center. Via reduction and oxidation of two Cys residues in the
motif and the dithiol-disulfide exchange reaction with target
proteins, Trx regulates the activities of target proteins by reduc-
ing/oxidizing the disulfide bond on their molecular surfaces (1).
Therefore, detection of Trx activity in vivo is important for
understanding the states of the redox regulation system and
various Trx-regulated enzymes in chloroplasts such as ATP
synthase (2), four enzymes involved the Calvin–Benson cycle
(3), the malate valve (4), glucose 6-phosphate dehydrogenase
for the oxidative pentose phosphate pathway (4, 5), and the
enzymes involved in chlorophyll biosynthesis (6).

Genome sequencing of the model plant Arabidopsis thaliana
revealed that 10 Trx isoforms, classified into five subtypes (f, m,
x, y, and z), are localized in chloroplasts. These five subtypes of
Trx exhibit different target selectivities and form a complicate
redox network, although these Trx isoforms maintain a com-
mon structural motif named Trx-fold (7). The target selectivity
of Trx isoforms might be determined by their different molec-
ular characteristics, such as the surface charges of the protein
molecule (8) and their midpoint redox potentials (9). However,
the details of the target discrimination mechanism of Trx are
unclear (10). Recent studies revealed that some proteins pos-
sessing Trx-like motifs also function in the redox network in
chloroplasts. For example, NADPH-Trx reductase C (NTRC),
which has both NTR and Trx domains in one molecule, can
reduce several Trx target proteins, such as 2-Cys proxiredoxin
(2-CysPrx), peroxiredoxin Q, and the Mg-chelatase I subunit,
using reducing power provided by NADPH (11). In addition, we
recently reported the physiological significance of TrxL2,
which has a WCRKC sequence in its active center motif, in the
chloroplast redox network. TrxL2 has a higher midpoint redox
potential than Trx, and it can oxidize Trx target proteins using
oxidation power derived from 2-CysPrx and reactive oxygen
species (12). We then clarified that the TrxL2–2-CysPrx path-
way is the oxidation pathway for redox-regulated enzymes in
chloroplasts in the dark. This important finding reminded us of
the significance of the reduction/oxidation balance of the whole
redox network in chloroplasts as a metabolism-regulatory sys-
tem for adapting to fluctuating environmental conditions.

To date, Trx activities in vivo have been assessed by visualiz-
ing the redox states of target proteins using SDS-PAGE mobil-
ity shift analysis following chemical modification of free thiol
groups (13–15). However, this method requires disruption of
the desired cells or organelles. To monitor the in vivo redox
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state, roGFP, the most well-known redox sensor protein, was
developed by introducing two cysteine residues at positions
Ser147 and Gln204 in the WT GFP or the GFP S65T mutant, and
these Cys residues act as switches to detect the redox state as a
redox-dependent change in fluorescence (16). roGFP has been
widely used for nondestructive observation in cells. However,
roGFP cannot react directly with Trx or small redox molecules
such as GSH and hydrogen peroxide. Instead, roGFP was
reduced and oxidized by glutaredoxin (Grx), a Trx superfamily
protein containing the CPYC motif in its active center (17).
Although several redox sensor proteins, such as Oba-Q (18),
rxYFP (19), rxRFP (20), and Re-Q (21), have been developed,
these sensor proteins also cannot detect the redox change in
Trx molecules directly. For this purpose, TrxRFP was recently
developed as a genetically encoded sensor by fusing rxRFP
and human Trx1 (22). This Trx1 was reduced by human Trx
reductase and oxidized by human Trx peroxidases in a sim-
ilar manner as native Trx1. In this system, the redox states of
rxRFP and Trx1 in the fused TrxRFP molecule are in equi-
librium, and the redox state of Trx1 can be observed by mea-
suring the change in the fluorescence intensity of rxRFP.
However, TrxRFP overexpression in cells might affect the
intracellular redox states because TrxRFP functions simi-
larly as Trx in vivo. In addition, the signal obtained from
TrxRFP illustrates the redox status of Trx1 in the fused mol-
ecule but not that of other endogenous Trx molecules.
Therefore, it is difficult to directly apply TrxRFP to the
observation of Trx molecules in photosynthetic organisms.

In this study, we report newly designed sensor probes to
detect the redox changes of Trx by combining CFP, YFP, and a
partial sequence of CP12 (Fig. 1A). CP12 is a Trx target protein
conserved among photosynthetic organisms that forms a
supercomplex with glyceraldehyde-3-phosphate dehydroge-
nase and phosphoribulokinase and suppresses their activities in
the dark or under limited light or stress conditions (23). CP12 in
chloroplasts has two cysteine pairs that can form disulfide
bonds at the N- and C-terminal sides. Trx-f can reduce these
disulfide bonds and induce a conformational change of CP12
(24). We therefore applied the partial sequence of CP12 to our
Trx sensor. We then fused the N-terminal domain of CP12 with
mTurquoise (CFP) and cp173-mVenus (YFP). When the fused
protein interacted with the reduced form of Trx, the protein
exhibited a remarkable change in fluorescence based on FRET.
In addition, we succeeded in conferring Trx specificity to the
sensor protein using CP12 from a different origin.

Results and discussion

Development of probes for redox changes of Trx

CP12 of A. thaliana (CP12-2) has two pairs of cysteines
(Cys75-Cys84 and Cys117-Cys126) that form disulfide bonds
under oxidizing conditions, and this protein is considered the
target of Trx-f in vivo (24). Although the molecular structure of
CP12 was unsolved, a large conformational change of the mol-
ecule caused by changes of the redox status of these cysteine
pairs was expected. We therefore applied the partial sequence
of the N-terminal domain of CP12-2 from Gly58 to Ala101,
including the Cys75-Cys84 pair, which was designated as

AtCP12_Nd, to prepare the sensor protein (Fig. 1B, red). As a
donor protein for FRET, mTurquoise�11, a variant of CFP
lacking the C-terminal 11 amino acids, was adopted, and
cp173-mVenus, a circular permutation mutant of YFP having
the amino acid at number 173 as its N terminus, was used as the
acceptor protein (Fig. 1A). These two GFP derivatives were
connected by AtCP12_Nd, and the redox changes of cysteines
in the CP12 region were then confirmed using the mobility shift
on SDS-PAGE following the labeling of free thiols on the pro-
teins with 4-acetamido-4�-maleimidylstilbene-2,2�-disulfonate
(13) (Fig. 1C). This new probe nicely displayed high FRET effi-
ciency in the oxidized form, and a remarkable decrease of the
signal was noted for the reduced form (Fig. 1D). We then des-
ignated this sensor protein change in redox state of thioredoxin
1 (CROST1). Next we prepared another sensor protein using
CP12 from the cyanobacterium Anabaena sp. PCC7120, as the
major Trx in cyanobacteria is Trx-m, and they do not possess
Trx-f. A part of CP12 from Anabaena, Lys7-Gln51 (Fig. 1B, red),
was fused to mTurquoise�11 at the N terminus and cp173-
mVenus at the C terminus. This protein also exhibited a change
in fluorescence caused by the redox change of the CP12 mole-
cule (Fig. 1D), and it was designated CROST2.

Characterization of CROST sensors in vitro

We digitalized the FRET signal changes of the sensor pro-
teins by calculating the ratio of fluorescence intensity at 530
and 480 nm (Fig. 2). Initially, reduction of the oxidized form of
CROST1 was examined in the presence of various reductants.
When Trx-f1 from A. thaliana was applied together with 100
�M of the reduced form of DTT (DTTred) at time 0, the signal
rapidly decreased from 4.1 to 1.5 (Fig. 2A, left panel, closed
circles), indicating that the full reduction of CROST1 occurs
within 20 s. By contrast, CROST1 was not reduced when the
reduced form Trx-m2 from A. thaliana was applied (Fig. 2A,
left panel, open circles). In addition, CROST1 was hardly
reduced by 100 �M DTTred (Fig. 2A, closed squares), glutare-
doxin C5 (GrxC5) from A. thaliana and 2 mM GSH (Fig. 2A,
open squares) or by NTRC and 100 �M NADPH (Fig. 2A, closed
reverse triangles). These results clearly indicate that CROST1 is
a specific sensor for efficiently detecting the redox status of
Trx-f. Similarly, reduction of CROST2 was not observed when
DTTred, GrxC5 or NTRC was used as a reductant (Fig. 2A, right
panel). However, CROST2 was reduced by Trx-m2 in addition to
Trx-f1. This result suggests that CROST2 is a redox sensor that has
a lower specificity to Trx isoforms. (Fig. 2A, right panel).

Because we recently revealed a new protein functioning in
the chloroplast redox network that inactivates thiol-regulated
enzymes in the dark via oxidation (12), we examined the oxida-
tion process of CROST proteins. Oxidation of the reduced form
CROST1 was observed when the protein was incubated with
Trx-f1 and the oxidized form of DTT (DTTox), whereas the
newly assigned chloroplast oxidation factors (TrxL2 proteins)
oxidized CROST1 much slower than Trx-f1 (Fig. 2B, left panel).
DTTox, GrxC5 plus GSSG, or 2-CysPrx together with H2O2 did
not oxidize CROST1. In contrast, CROST2 was efficiently oxi-
dized by TrxL2.1 and TrxL2.2 (12). These results indicate that
CROST proteins can reflect changes in the redox states of Trx-f
or Trx-m in the solution to their FRET signals, whereas the
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chemical redox molecules do not affect the redox status of
CROST proteins.

The Trx isoform specificities of CROST sensors were then
examined using nine Trx isoforms derived from A. thaliana,
Physcomitrella patens, and Anabaena sp. PCC7120 (A. 7120).
Because the reaction rate of CROST1 with AtTrx-f1 was suffi-
ciently fast, as shown in Fig. 2A, a Trx isoform concentration of
30 nM was used together with 100 �M DTTred in this study.
Among the Trx isoforms examined, AtTrx-f1 and PpTrx-f
could efficiently reduce CROST1 (Fig. 3A, left), and the rate
constants were obtained (Fig. 4A). We then examined the Trx

isoform specificity of CROST1 in the oxidation process. When
0.1 �M CROST1 was incubated with 1 �M Trx isoforms
together with 50 mM DTTox, slow oxidation was observed.
Again, AtTrx-f1 and PpTrx-f could oxidize CROST1 under
these conditions (Figs. 3B, left panel, and 4B). Although slow
reduction and oxidation of CROST1 were observed when
AnTrx-m1 was used (Fig. 3, A and B, left), the rate constants
were much smaller than those of f-type isoforms (Fig. 4, A and
B). These results indicate that CROST1 is an f-type Trx-specific
sensor that is reduced or oxidized via the redox equilibrium
with f-type Trx.

Figure 1. The molecular design of CROST sensors. A, schematics of CROST sensors. Mutants of CFP (mTurquoise featuring a deletion of 11 C-terminal amino
acids) and YFP (cp173Venus) were connected by the N-terminal domain of CP12 derived from A. thaliana or Anabaena sp. PCC7120. B, amino acid sequences
of CP12. The N-terminal domains used for CROST sensors are highlighted in red. C, oxidation (ox) and reduction (red) of CROST proteins were confirmed by
nonreducing SDS-PAGE following the labeling with 4-acetamido-4�-maleimidylstilbene-2,2�-disulfonate. D, redox-dependent fluorescence spectral changes
of CROST proteins. Fluorescence emission spectra of oxidized (blue lines) and reduced (red lines) CROST proteins at 25 °C in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl,
and 1 mM EDTA were measured with excitation at 430 nm. CROST proteins were oxidized during the purification process and, therefore, reduced in the
presence of 100 �M DTTred and 0.2 �� AtTrx-f1 before the measurement. a.u., arbitrary unit.
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Figure 2. Reduction and oxidation of CROST proteins. A, reduction of CROST1 (left) and CROST2 (right) by reductants. Fluorescence intensity ratios (530/480
nm) of 0.1 �M oxidized CROST proteins at 25 °C in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, and 1 mM EDTA were plotted before and after addition of reductants at
time 0 as follows: closed circles, 0.2 �M AtTrx-f1 � 100 �M DTTred; open circles, 0.2 �M AtTrx-m2 � 100 �M DTTred; closed squares, 100 �M DTTred; open squares, 0.2
�M AtGrxC5 � 2 mM GSH; closed inverted triangles, 0.2 �M AtNTRC � 100 �M NADPH. B, oxidation of CROST1 (left) and CROST2 (right) by oxidants. Fluorescence
intensity ratios of 0.1 �M reduced CROST proteins were plotted before and after addition of reductants at time 0 as follows: closed circles, 0.2 �M AtTrx-f1 � 50
mM DTTox; open circles, 0.2 �M AtTrx-m2 � 50 mM DTTox; closed triangles, 1 �M AtTrxL2.1 � 50 mM DTTox; open triangles, 1 �M AtTrxL2.2 � 50 mM DTTox; closed
squares, 50 mM DTTox; open squares, 0.2 �M AtGrxC5 � 1 mM GSSG; closed inverted triangles, 0.2 �M At2CysPrx � 0.1 mM H2O2. In the presence of 0.2 �M AtTrx-f1
and 0.5 mM DTTred, 10 �M CROST sensors were reduced for 30 min at 25 °C before measurements and diluted to a useful concentration.

Figure 3. Reduction and oxidation of CROST proteins by five Trx subtypes. A, reduction levels of CROST1 (left) and CROST2 (right) at 25 °C in 50 mM Tris-HCl
(pH 7.5), 50 mM NaCl, and 1 mM EDTA were plotted. At time 0, each Trx subtype was added at a final concentration of 30 nM for CROST1 and 500 nM for CROST2
with 100 �M DTTred: closed circles, AtTrx-f1; open circles, PpTrx-f; closed triangles, AtTrx-m2; open triangles, PpTrx-m; closed squares, AnTrx-m2; open squares,
AtTrx-x; closed inverted triangles, AtTrx-y2; open inverted triangles, AnTrx-y; closed diamonds, AtTrx-z; open diamonds, without Trx. B, oxidation levels of CROST1
(left) and CROST2 (right) were plotted under the conditions described for A. Trx (1 �M) was used in the presence of 50 mM DTTox. The symbols follow those used
in A. CROST sensors (10 �M) were reduced in the presence of 0.2 �M AtTrx-f1 and 0.5 mM DTTred for 30 min at 25 °C before measurements and diluted to a useful
concentration.
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To determine the specificity of CROST2, 500 nM Trx iso-
forms were used because the apparent reduction rates of
CROST2 were much slower than those of CROST1 (Fig. 2).
Based on the rate constants calculated from the reduction time
course data (Fig. 3A, right), CROST2 could detect changes in
the redox states of AtTrx-f, PpTrx-f, AtTrx-m2, PpTrx-m, and
AnTrx-m1 (Fig. 4C). When the oxidation process was exam-
ined, AnTrx-m1 was more effective than AtTrx-f1 (Figs. 3B,
right, and 4D), and this must be attributable to the use of A.
7120 – origin CP12 to prepare CROST2. Hence, CROST2 must
be applicable to indicate the redox states of m-type Trx in cells
lacking f-type Trx, such as cyanobacteria.

Although there was a large difference in the reduction rate
constants of CROST1 (0.40 s�1 �M�1) and CROST2 (0.068 s�1

�M�1) using AtTrx-f1, the reduction rate constant of CROST2
for AtTrx-f1 was equivalent to that of chloroplast F1-ATPase
for spinach-derived Trx-f (0.057 s�1 �M�1) (25). Therefore,
CROST2 must have a certain reactivity with Trx even under
physiological conditions. The rate constant of the reduction
process of CROST1 for AtTrx-f1 was 21-fold larger than that
for the oxidized process (Fig. 4, A and B), suggesting that the
oxidation of AtCP12-2 used by Trx-f1 to reduce CROST1 does
not occur efficiently in vivo. Conversely, the rate constant of the
reduction process of CROST2 for AnTrx-m1 was only 4.2-fold
larger than that for the oxidation process (Fig. 4, C and D),
suggesting that the N-terminal domain of AnCP12 used for
CROST2 must be easily oxidized by AnTrx-m1 in A. 7120 cells.

We then measured the midpoint redox potentials of
CROST1 and CROST2 to reveal the cause of the difference of
reduction rate constants of AtTrx-f1. Consequently, a midpoint
redox potential of �266 mV was obtained for CROST1 at pH
7.5 (Fig. 5A, left). This value was considerably larger than that of
AtTrx-f1 (�321 mV) (9) and similar to that of TrxL2.1 (�258
mV) (12). In contrast, CROST2 displayed a more negative mid-
point redox potential of �296 mV (Fig. 5A). Because the rate of

electron transfer between two redox proteins is influenced by
the difference of their midpoint redox potentials, the observed
difference at �30 mV between CROST1 and CROST2 must be
sufficient to explain the difference of the reduction rate con-
stants observed in Fig. 4. The lower midpoint redox potential of
CROST2 may explain the difficulty of various Trx isoforms in
reducing this protein.

The disadvantages of CROST sensor proteins are their
remarkable pH dependences and small fluorescent signal
changes under low pH conditions (Fig. 5B). The observed pH
dependencies may be attributable to the pH dependence of the
YFP chromophore. Under low-pH conditions, the YFP chro-
mophore of cp173-mVenus is not ionized, and, therefore, it
cannot function as a FRET acceptor. However, CROST sensors
fortunately had large dynamic ranges at a pH of �7– 8 (Fig. 5B),
which is equivalent to the pH in various organelles, and the
F530/F480 values under the oxidized conditions were more than
double compared with those under the reduced condition.
These sensors should therefore be useful for monitoring the
intracellular redox states of Trx molecules.

Visualization of the redox states of Trx in chloroplasts

To observe the redox status of Trx in living cells, we
expressed CROST1 and CROST2 in A. thaliana chloroplasts
and observed the fluorescence of the sensor proteins using an

Figure 4. Rate constants of CROST reduction and oxidation. A and B, reac-
tion rate constants for CROST1 were determined via fitting with the first-order
equation (see “Experimental procedures”) of the reduction process data
shown in Fig. 3A, left (A), and the oxidation process data shown in Fig. 3B, left
(B). C and D, reaction rate constants for CROST2 were determined via fitting
with the first-order equation (see “Experimental procedures”) of the reduc-
tion process data shown in Fig. 3A, right (C), and the oxidation process data
shown in Fig. 3B, right (D).

Figure 5. Redox potential and pH dependence of CROST sensors. A, the
oxidation levels of CROST1 (left) and CROST2 (right) were quantified as the
ratios of the oxidized forms to the total and plotted against the redox poten-
tial of DTT buffer (pH 7.5). Data were fitted to the Nernst equation for two
electrons exchanged (y � 1/(1 � exp(0.078 (x � Em)))). The midpoint redox
potential value shown in the figure is the mean 	 S.D. (four independent
experiments using two different protein preparations). B, fluorescence ratios
(F530/F480) of recombinant CROST1 (left) and CROST2 (right) under different
pH levels were measured for their oxidized (blue lines) and reduced (red lines)
forms. The buffers MES (for pH 6 –7), PIPES (for pH 7– 8), and HEPES (for pH
8 –9) were used.
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LSM780 confocal fluorescence microscope (Zeiss) (Fig. 6A).
Because of the unexpected appearance of bright spots, which
were obviously differentiated from the fluorescence signals
from the cytosol or chloroplasts and might be ascribed to the
aggregation of sensor proteins (Fig. 6A, arrowheads), we calcu-
lated the fluorescence intensities in the image by removing
these bright spots. In addition, we confirmed the expression of
CROST proteins in leaves by immunoblot analysis (Fig. 6B).
Degradation of a small part of CROST sensors was observed.
The emerged degraded fluorescent proteins may affect the fluo-
rescence intensity ratios of YFP (518 –544 nm) and CFP (465–
491 nm) channels (FYFP/FCFP) in measurements, especially
when free CFP appeared in cells. The autofluorescence of chlo-
rophyll is also a possible disturbance factor for the in situ mea-
surement. Fluorescence spectra from A. thaliana cells express-
ing CROST sensors were acquired using the � mode, and we
confirmed that the effects of degradation of the sensors and the
autofluorescence of chlorophyll in chloroplasts was weak
enough and did not influence the fluorescence signals of

CROST sensors (Fig. 6C). Leaves of WT plants were used as a
control. By changing the light intensity, we could observe a
slight decrease in signal intensity at 530 nm and an increase in
the second peak at 480 nm (Fig. 6C). FYFP/FCFP ratios were then
calculated from these spectra (Fig. 6D). As controls, FYFP/FCFP
ratios were determined in the presence of 20 mM DTTred or 20
�M 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). Finally,
we observed the change in FYFP/FCFP during the mutual light/
dark changes using CROST1 (Fig. 6E, top, closed circles) and
CROST2 (Fig. 6E, bottom, closed circles) introduced into the
chloroplasts of A. thaliana. When the plant leaves were illumi-
nated, both CROST sensors immediately shifted to the reduced
state, implying that Trx proteins in chloroplasts, mainly Trx-f,
were reduced. When the light source was removed, FYFP/FCFP
gradually increased, indicating that Trx-f was slowly oxidized in
chloroplasts. The signal decay of CROST1 was obviously slower
than that of CROST2. This difference might be ascribed to
the difference of the midpoint redox potentials of these two
sensors. CROST1 had a higher redox potential than CROST2

Figure 6. Visualization of intracellular Trx activities. A, fluorescence images of transgenic plant leaves expressing CROST1 and CROST2 and of WT leaves
were obtained using an Ar 458-nm laser for excitation. Images from 465 to 491 nm for CFP and from 518 to 544 nm for YFP were taken. Chlorophyll
autofluorescence from 624 to 651 nm was also assessed, and merged images were created (scale bar � 10 �m). B, immunoblot analysis of the expression of
CROST1 and CROST2 in leaves using an antibody against GFP. Recombinant CROST1, CROST2, and EGFP were used as controls (asterisks). C, emission spectra
of CROST1 (top) and CROST2 (bottom) expressed in chloroplasts were measured using a confocal microscopy under dark (closed circles) and light (50 �mol
photons m�2 s�1, open circles) conditions. Emission spectra of WT A. thaliana cells were measured as a control (closed triangles). The obtained spectra were
standardized at the chlorophyll autofluorescence region (black box) using the least square method. Cyan and yellow boxes show the region used for observation
of CFP and YFP, respectively. a.u., arbitrary unit. D, fluorescence intensity ratios of CROST1 (top) and CROST2 (bottom) in the dark and under light (50 �mol
photons m�2 s�1) conditions were calculated and plotted. Fluorescence intensity ratios in the presence of 20 mM DTTred and 20 �M DCMU were determined as
well. The results of three independent experiments are shown. Bars show the average. E, fluorescence intensity ratio changes of CROST1 (top) and CROST2
(bottom) under mutual light (50 �mol photons m�2 s�1)/dark conditions in the absence (closed circles) and presence (open circles) of 20 �M DCMU were
calculated at every 2 min and plotted. The light period is indicated by white rectangles above the graph. Results obtained from three independent experiments
are shown with error bars.
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(Fig. 5A). In addition, the reactivity of CROST2 was not
restricted to f-type Trx, but it was sufficient against Trx pro-
teins and TrxL2. This property might explain the rapid oxida-
tion of CROST2 even under the light/dark transition (Figs. 2
and 3). In contrast, we could not detect any changes in FYFP/
FCFP when 20 �M DCMU was applied (Fig. 6E, open circles).
Thus, we succeeded in observing the real-time redox dynamics
of Trx molecules in chloroplasts caused by photosynthetic elec-
tron transport according to the light/dark transition.

Experimental procedures

Gene construction

The complementary DNAs of mTurquoise�11, cp173m-
Venus, the N-terminal domains of AtCP12-2 (At3g56690)
and AnCP12 (pfam02672) were amplified by PCR and fused
using hot fusion methods (26) (Fig. 1B) with the pET-23a
vector to express the protein with a C-terminal His6 tag.
Complementary DNA fragments encoding the mature pro-
tein-coding regions, which were predicted by TargetP (27),
of AtTrx-f1 (At3g02730), AtTrx-m2 (At4g03520), AtTrx-x
(At1g50320), AtTrx-y2 (At1g43560), AtTrx-z (At3g06730),
PpTrx-f (PHPAT.004G014000.1), and PpTrx-m (PHPAT.
005G085400.1) were cloned into the pET-23a vector (Nova-
gen) to express the protein with a C-terminal His6 tag. Other
expression plasmids were prepared as in our earlier studies
(9, 28, 29).

Protein expression and purification

Escherichia coli strains BL21(DE3) and BL21(DE3) pLysS
were transformed with each expression plasmid. BL21(DE3)
pLysS was used to express A. thaliana-derived Trx, and
BL21(DE3) was used for P. patens-derived Trx and CROST sen-
sors. Transformed E. coli was then cultured at 37 °C. Expression
of the desired protein was induced using 0.5 mM isopropyl �-D-
thiogalactopyranoside, followed by further cultivation for 16 h
at 21 °C. Collected cells were disrupted and ultracentrifuged
(125,000 
 g for 40 min) to obtain supernatant containing
the desired protein for subsequent purification. His-tagged
A. thaliana– derived Trxs and P. patens–derived Trx and
CROST sensors were purified via Ni-NTA affinity chromatog-
raphy using Ni-NTA–agarose (Qiagen) resin. Ni-NTA–
agarose resin was washed in 25 mM Tris-HCl (pH 8.0) contain-
ing 20 mM imidazole and eluted using the same buffer
containing 250 mM imidazole. Elusions including A. thaliana–
derived Trxs were applied to Superdex 75 Increase 10/300 GL
(GE Healthcare) columns and purified. Eluates including
P. patens–derived Trx were dialyzed and concentrated. Eluates
containing CROST sensors were applied to a Toyopearl Butyl-
650 (Tosoh, Tokyo, Japan) column and eluted using 20 mM

Tris-HCl (pH 8.0) with an ammonium sulfate reverse gradient
from 30% to 0%. Peak fractions eluted from the column were
collected. Eluates containing CROST sensors were incubated in
the presence of 0.5 mM diamide for 10 min at 25 °C, dialyzed,
and concentrated. Other proteins that were partially purified by
Ni-NTA–agarose chromatography were then purified accord-
ing to the methods described in our earlier studies (9, 28, 29).
The purity of the recombinant proteins used was examined by
SDS-PAGE (Fig. S1).

Fluorescence spectroscopy and calculation of the reduced and
oxidized ratio

Fluorescence emission spectra were measured using an
FP-8500 fluorescence spectrophotometer (Jasco, Tokyo, Japan).
An excitation wavelength of 430 nm was used to excite CROST
sensors. Emission fluorescence intensities from CROST sensors at
480 (F480) and 530 nm (F530) were measured, and the fluorescence
ratio (Fr) was calculated using Equation 1:

Fr � F530/F480 (Eq. 1)

To establish fully reduced or oxidized conditions, CROST
sensors were incubated with 100 �M DTTred or 50 mM DTTox in
the presence of 1 �M AtTrx-f1 for 10 min at 25 °C, and Fr values
were obtained as Fred and Fox. The oxidation ratio, Ox/total,
was then calculated using Equation 2:

Ox/total � �Fr � Fred�/�Fox � Fred� (Eq. 2)

Determination of rate constants

To eliminate the influence of direct reduction by DTT, we
calculated the rate constant from Ox/total data in the presence
of Trx isoforms after subtracting Ox/total data in the presence
of only DTT at each time. Then the resulting Ox/total value at
the indicated time was plotted and fitted using Equation 3 to
determine the rate constant kred and Equation 4 to determine
kox:

Ox/total � exp ��kred [Trx] t� (Eq. 3)

Ox/total � 1 � exp ��kox [Trx] t� (Eq. 4)

[Trx] is the concentration of Trx.

Determination of the midpoint redox potential of CROST
sensors

CROST sensor proteins (0.1 �M) were incubated in 25 mM

Tris-HCl (pH 7.5), 50 mM DTTox, various concentrations of
DTTred (1 �M to 50 mM), and 1 �M AtTrx-f1 for 3 h at 25 °C. The
midpoint redox potential values of CROST sensors were calcu-
lated by fitting the titration data of the reduction level of pro-
teins to the Nernst equation. A value of �357 mV was used as a
midpoint redox potential of DTT at pH 7.5 (9).

Expression and observation in chloroplasts of A. thaliana

The expression plasmids pRI201/PtCROST1 and pRI201/
PtCROST2 were prepared by appending the recA DNA recom-
bination family protein leader sequence to the 5� end of the
CROST1 and CROST2 coding genes cloned in the expression
vector pRI201-AN (Takara). The A. thaliana plants were trans-
formed with the expression plasmids using Agrobacterium
tumefaciens and then grown at 22 °C under 16 h light/8 h dark
conditions. For the observation, AxioObserverZ1 with LSM780
(Carl Zeiss) was used with an Ar 458-nm laser (25 milliwatt).
The laser power was held at less than 0.1% to avoid activating
the photosystem. A multi-channel GaAsP detector was used in
the photon-counting and � modes. The intensity of the fluores-
cence image was then digitalized using ImageJ image analysis
software.

The chloroplast thioredoxin redox sensor protein CROST
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